Ruminant respiratory syncytial viruses (RSVs) are classified into 2 subgroups, ovine RSV and bovine RSV. Although ovine RSV infects cattle, its contribution to bovine respiratory tract disease has not been established, which is an important issue for vaccine development in cattle. Diagnosis by virus isolation or serology has low or variable sensitivity and/or specificity and polymerase chain reaction (PCR) has been recommended as a rapid and sensitive technique for RSV detection. A simple procedure has been developed to detect and identify bovine and ovine RSVs. First, the nucleotide sequence of the ovine RSV fusion (F) gene was determined and compared with representative strains of bovine RSV and human RSV subgroups A and B. The ovine RSV F gene has 85 and 72-73% nucleotide identity with those of bovine RSV and human RSV, respectively. The predicted amino acid sequence of the ovine RSV F gene has 94 and 83-84% amino acid identity with those of bovine RSV and human RSV, respectively. Then PCR primers targeting a specific F gene fragment of bovine and ovine RSV were designed. The primers represented bases 85-103 and the complementary sequence to bases 510-493 of the ovine RSV F gene. A similar PCR product (426 bp) was obtained on agarose gel electrophoresis from bovine RSV and from ovine RSV. The products, however, were unique to the parent virus and could be distinguished by EcoRI or MspI restriction endonuclease cleavage. EcoRI cleaved the ovine product into 2 bands (285 and 141 bp) but failed to affect the bovine RSV PCR product. However, MspI cleaved the bovine product into 2 bands (229 and 197 bp) but had no effect on the ovine product. Also, this assay did not amplify any PCR product with human RSV. The reverse transcription-polymerase chain reaction (RT-PCR) followed by restriction enzyme digestion is a useful and practical approach for detection and differentiation of ruminant respiratory syncytial viruses.
Respiratory syncytial viruses (RSVs) are major causes of severe respiratory tract disease in young children 5 and calves. 8, 26, 14 Ovine RSV was isolated from a 1-year-old ewe with rhinitis. 11 Respiratory syncytial virus also was isolated from an 8-month-old bighorn lamb with respiratory symptoms. 29 Respiratory syncytial viruses are classified in the genus Pneumovirus, which is included in the family Paramyxoviridae. They are enveloped, single-stranded, negativesense RNA viruses that replicate in the cytoplasm and mature by budding from the cell membrane. The genome is nonsegmented, consisting of 10 genes that are transcribed to 10 unique mRNAs. Each mRNA encodes a unique protein (NS1, NS2, N, P, M, SH, G, F, M2, and L). The G (attachment protein) and F (fusion protein) proteins are the 2 major surface glycoproteins encoded by respiratory syncytial viruses. The RSV F protein was identified when F-specific monoclonal antibodies inhibited syncytium formation in cell culture. 34 The F glycoprotein is synthesized as an inactive precursor, Fo, that is cleaved by a cellular protease to generate 2 disulfide linked subunits, NH2-F2-ss-F1-COOH. 10 The fusion protein may be superior to the attachment protein G in inducing neutralizing antibodies 22, 36 and cytotoxic T cells. 9, 25 Furthermore, the F protein induces fusion-inhibiting antibodies that correlate well with protection. 30 A conserved neutralization site (173 STNKAVVSLS 182) has been identified on F protein in all known bovine RSV (BRSV) and human RSV (HRSV) strains. 15 It has been proposed that ruminant RSVs be divided into 2 subgroups, one representing bovine RSV and the other representing ovine RSV, based on analysis by RNAse protection of the G glycoprotein transcripts, 2 nucleotide sequence of ORSV-G protein gene, 3 and reactivity of ruminant RSVs to monoclonal antibodies specific to BRSV-F protein. 24 The predicted BRSV-F protein shares 80.5% overall amino acid identity with the HRSV F protein with 89% identity within the F1 polypeptide but only 68% identity within the F2 polypeptide. 17 The HRSV subgroup B (15837 strain) and subgroup A (A2 strain) have 89% overall amino acid identity of their respective F proteins. 13 Experimental infection with ovine RSV (ORSV) in calves resulted in mild to moderate clinical respiratory disease. 7 It has been suggested that 2 related but antigenically distinguishable RSV types are present in sheep, 1 of which is similar to bovine strains based on differences in fluorescent Ab staining of bovine RSV virus infected cells by ovine and bovine sera. 1 Anti-bodies specific for either ovine or bovine subgroup strains of RSV were detected in cattle by using a subgroup-specific G-peptide ELISA, suggesting that ovine RSV does infect cattle. 12 Whether ovine RSV contributes to bovine respiratory disease or not is an important issue regarding RSV epidemiology and vaccine development in cattle. The isolation of BRSV is very difficult because of its lability 28 and viral detection by IF 31 and ELISA 23, 27 are of low or variable sensitivity and specificity. The PCR assays may be more sensitive than IF 33 and ELISA 16 for the detection of BRSV in cattle with acute respiratory disease. Therefore, PCR assays have been recommended as a rapid and sensitive means for detection of BRSV infection in cattle. 16, 21, 33 The nucleotide sequence analysis of the ovine RSV F gene has not been done. In this study, its nucleotide sequence and its predicted protein are reported. Based on this information, a PCR test targeting a specific fragment in the F gene of both bovine RSV and ovine RSV has been developed. The purpose of this test is to detect both BRSV and ORSV in infected cattle and concurrently to differentiate between them.
Materials and methods

Nucleotide sequence of F gene and F-M2 intergenic region of ovine RSV
Virus and cells. Ovine respiratory syncytial virus strain WSU 83-1578 a was grown on Madin Derby bovine kidney (MDBK) cells with Dulbecco modified Eagles medium b supplemented with 2% fetal bovine serum c and antibiotic-antimycotic. c RNA extraction and quantification. Ovine RSV was grown until 50-70% cytopathic effect developed. The RNA was extracted with Trizol reagent c according to the protocol of the manufacturer. In brief, infected cells were collected from a 75-cm 2 flask and pelleted cells were suspended in 1 ml Trizol and incubated for 5 min at room temperature. Then, after adding 0.2 ml chloroform, incubating for 2-3 min at room temperature and centrifuging at 12,000 ϫ g for 15 min at 2-8 C, the aqueous upper phase was obtained. The RNA was precipitated by adding 0.5 ml isopropyl alcohol, incubating for 10 min at room temperature, and centrifuging at 12,000 ϫ g for 10 min at 2-8 C. The RNA pellet then was washed with 1 ml of 75% ethanol and centrifuged at 7,500 ϫ g for 5 min at 2-8 C. The RNA pellet finally was air dried and dissolved in RNase-free water. The RNA concentration was quantified in a spectrophotometer at A260 wave length.
Primers. Two primers were developed and synthesized c for using in reverse transcription-polymerase chain reaction (RT-PCR). The F25 primer used for first strand cDNA synthesis (5Ј-TGATCTCATATTTGCAGGG-3Ј) represents the complementary sequence of bases 43-25 of the published sequence of M2 gene of ovine RSV. 4 The second primer, F19 (5Ј-GAGACAAGGGTGTATATAG-3Ј), representing part of the published intergenic sequence between F and G genes of ovine RSV, 19 was used with the F25 primer for amplification.
First strand cDNA synthesis. Synthesis of cDNA was carried out in 20-l reaction volumes by using superscript II Rnase H Ϫ reverse transcriptase c according to the manufacturer's protocol. Briefly, 2 pmol of F25 primer, 4-5 g of total RNA, and up to 12 l of water were heated to 70 C for 10 min and chilled quickly on ice. Then 4 l of 5ϫ first strand buffer, c 2 l of 0.1 M dithiothritol (DTT), c and 1 l of 10 mM dNTP mix c were added and incubated at 42 C for 2 min. One microliter (200 units) of superscript II was then added and incubated at 42 C for 50 min, followed by heating at 70 C for 15 min to inactivate the reaction.
Amplification of ovine RSV F gene and F-M2 intergenic region. Elongase enzyme mix c was used according to the manufacturer's directions for amplifying the F gene of ovine RSV. In brief, for a 50-l reaction volume, 2 mixtures were used. Mixture 1 was consisting of 1 l of 10 mM dNTP mix, c 1 l of 10 uM F19 primer, 1 l of 10 M of F25 primer, 1 l of cDNA template, and water to 20 l. Mixture 2 consisted of 2 l of 5ϫ buffer A, c 8 l of 5ϫ buffer B, c 2 l of elongase enzyme mix, and water to 30 l. Mixtures 1 and 2 then were gently mixed together in 1 tube and placed in a thermal cycler d using the following conditions: denaturation at 95 C for 1.5 min, then a 3-step cycling program consisting of annealing at 50 C for 30 sec, extension at 72 C for 1 min, and denaturation at 95 C for 1 min, repeated 30 times. At the end of the last cycle, the temperature was held at 50 C for 2 min followed by 72 C for 10 min.
Gel extraction of the PCR product. The PCR amplified products were electrophoresed in 1% agarose gel in 1ϫ TAE buffer. The band representing the F gene and the F-M2 region of ovine RSV was extracted from the gel using a gel extraction kit.
Sequencing of the PCR product representing the ovine RSV F gene and F-M2 intergenic region. Sequencing was done at the University of Tennessee Molecular Biology Research Facility. f Sequencing was done in both directions, 5Ј to 3Ј by using the F19 primer and 3Ј to 5Ј by using the F25 primer. The initial sequencing data were used to design additional primers for sequencing the flanking regions. This strategy was repeated to obtain the sequence of the whole product by assembly of overlapping regions.
Detection of ruminant RSV (bovine and ovine RSV) and differentiation between them by using RT-PCR
Reverse transcription-polymerase chain reaction targeting a specific fragment in both bovine and ovine RSV F genes was used to detect both of bovine and ovine RSV and to differentiate between them.
Virus and cells. Ovine respiratory syncytial virus strain WSU 83-1578 a and bovine respiratory syncytial virus 391-2 g were grown on MDBK cells as described before. Other isolates of bovine RSV (375, a FS1-1, a NMK-7, a MN, i and NY191285 i ), human RSV subgroup A (strain A2 g ), and human RSV subgroup B (strain B8/60 g ) were included in the study. Human RSV strains were grown on Vero cells.
RNA extraction and quantification. RNA extractions and quantification were done as described above.
Primers. Two primers were developed and synthesized. c 77  43  44  37  36  61  F2  83  72  73  73  71  82  F1  88  79  78  78  78  84  Coding  sequences  87  76  75  75  75  82  Noncoding  sequence  67  46  45  45  38  53  Overall F  gene  85  73  72  73  72  80 The F103 primer (5Ј-TGCCAAAACATAACAGAAG-3Ј) was used for cDNA synthesis. It represents a conserved sequence in both ovine and bovine RSV F genes, i.e., bases 85-103 of ovine RSV F gene (determined in this study) and bases 86-104 of bovine RSV F gene. 17 The other primer, F493 (5Ј-TTTATTCACCTCTCCCTC-3Ј), represents a conserved sequence in both ovine and bovine RSV F genes. It is complementary to bases 510-493 of the ovine RSV F gene (determined in this study) and bases 511-494 of bovine RSV F gene. 17 These primers (F493 and F103) were used for amplification of specific fragments of F genes of both bovine and ovine RSV. PCR. Taq DNA polymerase c was used for amplification of a 426-bp fragment of the F gene of both bovine and ovine RSV according to the manufacturer's recommendations. In brief, the following components were added for a final reaction volume of 100 l: 10 l of 10ϫ PCR buffer, c 3 l of 50 mM Mgcl2, c 2 l of 10 mM dNTP mix, c 1 l of 10 uM F 493 primer, 1 l of 10 M F103 primer, 1 l Taq DNA polymerase, 2 l of cDNA, and 80 l of water. Amplification was done using the same conditions mentioned before except 58 C was used for annealing instead of 50 C.
Restriction enzyme cleavage and electrophoresis. EcoRI c and MspI c restriction enzymes were used separately to cleave each of the 426-bp amplified products of bovine and ovine RSV F genes. Four microliters of unpurified PCR product, 4 l of water, 1 l of the restriction enzyme used, and 1 l of the buffer supplied with the enzyme were added together and incubated for 1 hr at 37 C. After incubation, electrophoresis was done by using 3% high-resolution agarose. h Figure 1 shows the PCR product representing the F gene, the F-M2 intergenic region, and the M2 gene 5Ј end of ovine RSV. After extraction of this ϳ2,000-bp PCR product from the gel, its sequence was determined ( Fig. 2) . A comparison of this sequence (Gene Bank accession number AF334398) with representative published sequences of bovine RSV and human RSV F genes 13, 17, 18 indicated that the sequence from 1 to 1,896 bases most likely represents the F gene of ovine RSV ( Fig. 2a ) and the sequence from 1,897 to 1,955 bases represents the F-M2 intergenic region (Fig. 2b) . The sequence from 1,956 to 1,992 bases was identical to bases 1-37 of the 5Ј end of the published sequence of the M2 gene of ovine RSV. 4 The ovine RSV F gene has 85, 73, and 72% nucleotide identity with those of bovine RSV, 17 human RSV subgroup A, 18 and human RSV B subgroup, 13 respectively ( Fig. 2a ; Table 1 ). The coding sequence of the ovine RSV gene, represented by bases 13-1,737, is more conserved than the noncoding sequence (1,738-1,896). However, the 3Ј end of the noncoding region (bases 1,887-1,896) is highly conserved ( Fig. 2a ; Table 1 ). The open reading frame of the ovine RSV F gene predicts a polypeptide of 574 amino acids. The predicted amino acid identities between the F protein of ovine RSV and those of bovine RSV, 17 human RSV subgroup A, 18 and human RSV subgroup B 13 are 94, 83, and 84%, respectively ( Fig. 3 ; Table 2 ).
Results
Nucleotide sequence of the ovine RSV F gene and F-M2 intergenic region
The ovine RSV F1 subunit has 97 and 89% amino acid identity with those of bovine RSV 17 and human RSV A and B, 13, 18 respectively, whereas the F2 subunit identity is somewhat lower, being 89 and 70%, respectively ( Fig. 3 ; Table 2 ). The predicted signal peptide amino acid sequence of ovine RSV F protein shows extensive divergence from those of bovine and human RSV ( Fig. 3 ; Table 2 ). The positions of cystein residues in ovine RSV F protein are conserved with respect to bovine and human RSV except in 1 position (residue 25), which is conserved only in ovine and bovine RSV (Fig. 3) . Amino acid residues 131-136 in the ovine RSV F protein sequence is identical to the proposed cleavage signal in bovine and human RSV F proteins. 13, 17 Hydrophobic residues (137-158) likely represent the proposed amino terminus of the F1 subunit after cleavage, while hydrophobic residues 525-550 may represent the proposed membrane anchor. Three potential sites for N-linked glycosylation have been found in the predicted ovine RSV F protein, 2 have been found in the F2 subunit (residues 27 and 120), and 1 has been found in the F1 subunit (residue 500) ( Fig. 3 ).
Detection of ruminant RSV and differentiation between its two subgroups
The RT-PCR assay targeting the F gene resulted in amplification of a 426-bp product in both bovine and ovine RSV (Fig. 4 ). Nucleotide sequencing of both products (data not given) confirmed the fidelity of this PCR assay. Digestion of both products by EcoRI restriction endonuclease cleaved the ovine PCR product into 2 bands (285 and 141 bp) but did not affect the bovine product (Fig. 4) . In contrast, MSPI restriction endonuclease cleaved the bovine PCR product into 2 bands (229 and 197 bp) but had no effect on the ovine product ( Fig. 4) . All bovine RSV isolates tested (375, FS1-1, NMK-7, MN, and NY191285) gave the same PCR product and the same cleavage pattern obtained with bovine RSV strain 391-2. All of these bovine isolates could be differentiated from the ovine RSV. No PCR products resulted when human RSV subgroup A (strain A2) and human RSV subgroup B (strain B8/ 60) were used in the assay.
Discussion
Ovine RSV F gene has 85 and 72-73% nucleotide identity with those of bovine RSV and human RSV, respectively. The predicted amino acid sequence of the ovine RSV F gene has 94 and 82% amino acid identity with those of bovine RSV and human RSV, respectively. The level of identity between ovine and bovine RSV F genes (85%) and their predicted proteins (94%) are close to those found between the 2 human subgroups A and B, 80% nucleotide identity, and 90% amino acid identity (Tables 1, 2 ). This supports the existence of 2 ruminant subgroups, 1 representing bovine RSV and the other representing ovine RSV. 2, 3, 24 The level of identity between ovine and human RSV F-predicted proteins (82%) is similar to that found between bovine and human RSV (81-82%). The positions of the 3 potential N-linked glycosylation sites in the ovine RSV F-predicted protein coincide with that found in bovine and human RSV, 13, 17 but human RSV strains have 2-3 additional sites in the F2 peptide. 6, 13 The difference in the extent of glycosylation of F2 is responsible for the difference in electrophoretic mobility of F2. 17, 20 A novel neutralization site (residues 173-182) has been mapped in bovine RSV F protein by using a neutralizing monoclonal antibody against the F protein. 15 This site is conserved in the ovine sequence as well as in the human RSV F proteins (Fig. 3 ). This conserved linear epitope may be a potential candidate for peptide-based vaccine against all groups and subgroups of RSV. 15 PCR assays have been used in several studies for detection of bovine RSV. 16, 21, 32, 33, 35 In 1 study, specific bovine RSV primers amplified bovine RSV strains but did not amplify ovine RSV. The PCR assay used in a previous study was able to detect the bovine RSV but not the ovine RSV. 21 It has been found that ovine RSV does infect cattle. 12 The PCR assay described in the present study has the capacity to detect both bovine and ovine RSV by using 1 set of primers, and subsequent differentiation between them can be accomplished using a simple procedure.
The 2 primers used in this PCR assay represent conserved sequences in ovine and bovine RSV F genes that are not conserved in the human RSV F gene. This allowed clear differentiation between ruminant RSV and human RSV. The RSV PCR assays depend on detection of viral RNA or mRNA transcripts that are present in active infections, whereas serological tests depend on detection of antibodies, which develop during the convalescent phase of infection. Therefore, an advantage of PCR tests over serological tests is that earlier detection of infection is possible. Also, conventional serological diagnosis is dependent on paired serum samples taken during the acute and convalescent phases of the disease and, unlike the PCR test in the present study, are not capable of discriminating between the ruminant RSV subgroups. This PCR test can by used to detect both bovine and ovine RSV in cattle and may be useful for determining the contribution of ovine RSV in the pathogenesis of bovine respiratory tract disease. Moreover, data from some previous studies indicated that PCR assays are more sensitive than IF 33 and ELISA 16 for the detection of BRSV antigen. 
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